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ABSTRACT
Fatigue crack growth tests were performed on four-point bend specimens with crack-like defects intentionally placed in A302B low-alloy pressure vessel steel clad with 308/309L weld deposited stainless steel. The defects were placed in the base metal under the cladding by machining a cavity from the side opposite the cladding, electric-discharge machining a very sharp flaw, fatigue pre-cracking the flaw, and then filling up the cavity by a weld repair process. The specimens were stress relieved before fatigue testing. The specimens were fatigue cycled at positive load ratios until the defects broke through to the surface. The specimens were then fractured at liquid nitrogen temperatures to reveal the fracture surfaces. Seven different sub-clad flaw specimens were tested in room temperature air and each test provides a record of cycles to defect breakthrough. Changes in defect size and shape as a function of applied load cycles were obtained by beach-marking the crack at various stages of the load history. The results provide a set of embedded defect data which can be used for qualifying fatigue crack growth analysis procedures such as those in Section XI of the ASME Boiler and Pressure Vessel Code. A comparison between calculated and measured values shows that the ASME B&PV Section XI fatigue crack growth procedures conservatively predict cycles to defect break-through for small sub-clad defects. 
NOMENCLATURE

INTRODUCTION
Pressure vessels used to contain fluids that can aggressively attack carbon steels are often fabricated by weld overlaying the inside surface of the vessel with a corrosion resistant material such as an austenitic stainless steel. The cladding can be applied either to protect the contained fluid from contamination by the ferritic carbon steel or to protect the carbon steel from environmentally assisted cracking.
Although a defect free monolithic vessel of corrosion resistant material is preferred in most cases from a safety standpoint, economics or fabrication limitations often dictate that it is more practical to weld overlay corrosion resistant cladding material onto a less expensive carbon steel vessel. This is the standard fabrication process used for thick commercial nuclear pressure vessel construction. Typically, such vessels are built of a low-alloy pressure vessel steel with a thin (about 6-10 mm thick) weld deposited stainless steel cladding on the inside surface.
Unfortunately, weld deposition processes may produce defects in the base metal just under the first pass of the weld overlay. These defects are typically referred to as reheat cracks. The impact of small defects from reheat cracking in stainlesssteel clad vessels has been recognized as a technical concern for maintenance of BWR and PWR vessels.
The purpose of this paper is to provide fatigue crack growth data that can be used to qualify analytic approaches for predicting life to cladding break-through from sub-clad cracks. As an example, measured cycles to break-through were compared to calculated values using the fatigue crack growth [FCG] procedures of Section XI of the ASME Boiler and Pressure Vessel Code. This arialysis demonstrated that those procedures conservatively predict cycles to defect breakthrough for these tests.
LITERATURE
Many papers have been written on this subject. For example, the papers by Wimunc (1966) , Vickier and A.W. Pense (1974), and Canonico (1977) discuss the experience in the United States; the paper by Kondo, Nakajima and Nagasake (1971) discusses the Japanese experience on clad cracking in BWRs; the report by Druce and Hudson (1982) discusses the work done in the United Kingdom; and the paper by Bernard, et. al. (1989) is typical of the work done in France.
These papers conclude that the growth of sub-clad defects is slow and that the presence of such defects is tolerable as long as the defects do not break-through to the surface exposing the crack to the environment.
This paper provides data that can be used to qualify the fatigue crack growth technology used for predicting when sub-clad defects will breakthrough to the surface. The major short-coming of previous work has been uncertainties associated with determining when a sub-clad defect begins to grow as a fatigue crack since most experimental work has been done on actual weld induced defects or on manufactured defects that were weld overlaid. No matter how carefully these defects .
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Page 3 are produced, it is always difficult to know when to begin to count crack growth cycles versus crack initiation cycles. Clearly assigning too much time to crack initiation can be unconservative if actual in-situ defects are more crack-like than the flaws produced in the laboratory.
The cumnt paper provides additional data for use in qualifying computational methods for predicting sub-clad crack break-through obtained using test specimens and test procedures that reduce the difficulty in differentiating initiation cycles from growth cycles. This was accomplished by placing defects under sound cladding in such a way that the initially fatigue pre-cracked defect geometry was as undisturbed as possible prior to the start of the fatigue crack growth part of the test. In addition, beach-marks visible on the crack surface allowed a clear indication of crack growth versus crack initiation relative to measured cycles to breakthrough.
TEST METHOD
The purpose of this test program was to study the growth of cracks from the base-metal into and through the cladding. Accordingly, four-point bend bars were used for the testing because the bending stress increases from the base material to a maximum in the cladding thus driving sub-clad defects into the cladding. Also, the defects were placed in the base metal just under the cladding in such a way that the cladding and the defect front near the cladding were well defined. Figure 1 shows the specimen and defect geometry.
To achieve a well-defined sub-clad defect and undisturbed clad-base-metal interface, defects were placed in the base metal just beneath the cladding surface by machining out a cavity in the base metal to allow a sharp notch to be EDMed in the base metal without disturbing the clad-base metal interface. The notch was then fatigue precracked and the cavity weld repaired. The specimens were heat treated after the weld repair for two hours at 1150% to remove weld residual stresses. The process used to fabricate the specimen is shown schematically in Figure 2 .
A beach-marking procedure was used to mark the fracture surface so that post-test crack length measurements could be made. The beach-marking process involved maintaining the maximum load and increasing the minimum load and frequency to place a mark on the fracture surface of about 0.025 mm. The tests w e e all conducted at room temperature using positive load ratios. Two types of sub-cladding cracks were tested: cracks whose crack-fronts were initially about one crack depth (a) beneath the cladding thickness and cracks whose crack fronts were initially just at the clad-base metal interface. Figure 3 . The residual stress distribution and magnitude are typical of residual stresses expected in post-stress relieved weld deposited cladding on wrought low-alloy steel. The stress relief appears to have successfully removed nearly all residual stresses due to the weld repair process.
MATERIALS
The base metal for the specimens was A302B lowallow pressure vessel steel. The steel had a room temperature yield strength of 41 1 MPa and an ultimate strength of 567 MPa with 25.3% elongation and 68.1% reduction in area. The cladding material is 308/309L stainless steel. It was applied in multi-layers using a submerged arc Specimen A 50.8 m m load signal was a sine wave at a frequency of 12 Hz for main fatigue crack propagation cycling.
The tests were conducted at ambient temperature using a load ratio (Pmidpmax) of 0.1 for all but the beach marking cycles.
The tests were run until there was a visible crack on the outside of the cladding surface. Strain gauges were placed on the outside surface directly over the location of expected break-through and moment deflection (compliance) measurements were taken during the test. Once there was a visible surface crack, the fatigue tests were terminated and the specimens were broken apart after soaking in liquid nitrogen. The specimens all showed very flat cleavage fractures.
As mentioned, beach-marking was used to provide crack size data at various cycle numbers.
The beach-marking procedure consisted of maintaining the maximum Ioad and adjusting the minimum load so that the load ratio was 0.5. The cyclic frequency was increased to 20 Hz during beach-marking. By trial and error, the number of beach mark cycles was adjusted to produce a beach-mark zone of about 0.025 mm.
After the fatigue crack growth tests, the specimens were broken apart to reveal the fracture surface. Crack length versus cycles records were then established by working backwards from the final size by correlating beach-marks with main Ioadcycle blocks. Since crack extension was basically blind until after the test was complete and the specimens broken apart, the method was first demonstrated on surface flaw specimens. Also, each sub-clad specimen was broken apart before proceeding to the next specimen to assure that sufficiently visible beach-marks were produced. Figure 6 shows the crack measurement locations of the sub-clad embedded defect geometry used to The specimens were very stiff and so crack size had very little influence on the load-deflection curve. There was virtually no difference in compliance for the LUC specimens and the SUC specimens. There was no early warning of surface cladding break-through either by changes in compliance, changes in surface strain gauge The first specimen tested was LUC-I. The pre-test load range chosen produced a break-through before any beach-marking cycles. The test was continued after break-through and the crack was grown in fatigue as a surface defect until the flaw reached a depth of nearly 50% through the specimen.The fracture surface is shown in Figure  7 while Table 3 provides crack measurements and load cycles.
RESULTS
For tests LUC-2 through LUC-5, SUC-1 and SUC-2, either smaller load ranges or fewer cycles between main load blocks were used and beach marks were present to show the progression of the initial sub-clad defect to break-through. Fracture surfaces for these tests are shown in Figures 8-13 . The results indicate that crack growth accelerated in the cladding material as the crack approached the surface as evidenced by the wider beach-marks in the cladding compared to those in the base metal. This is the apparent result of the higher bending stresses in the cladding, an increased AK due to the larger flaw size, the positive residual stress in the cladding elevating the R-ratio and thus accelerating the FCG rate, and the higher FCG rate of the stainless steel cladding material compared to the base metal.
The fracture surfaces also show no apparent retardation of the FCG rate as the crack front advances through the base metal in the region just under the clad-base metal interface as might be expected as a result of the compressive residual stress in the base metal near the clad-base metal interface.
Both specimens SUC-1 (Figure 12 ) and SUC-2 ( Figure 13 ) have large spacing between beachmarks as the crack approached the neutral surface of the beam (Le., in the direction away from the cladding). This suggests that local residual stresses may be present in the weld repair region even though the residual stress measurements showed that the residual stresses were small in the weldrepair region. Even if tensile residual stresses are present in the weld repair region, they only appear to have affected crack growth in the direction away from the cladding and so did not compromise the test purpose which was to observe growth of the defects from base-metal into and through the cladding material. Both the large and small sub-clad defects grew as expected through the clad-base metal interface suggesting that the residual stress distribution had little influence on the dddN rate.
DISCUSSION
The results can be used to qualify FCG computational procedures by comparison of the crack size versus cycles data and cycles to breakthrough with calculated results obtained by integrating dddN correlations with AK. Bernard, et. al. (1989) provide an example of this using the data generated in that work.
The results of such a comparison depend significantly on the AK solution for the embedded defect and on the dddN correlation. Most stainless steel power-law correlations result in dddN being proportional to AK" where n is between 3 and 4. For this reason, the range of the stress intensity factor (AK) is particularly critical. As the defect intersects the cladding-base metal interface, multimaterial considerations come into play and as the defect approaches the outer surface, near surface yielding and other uncertainties become significant. The calculated cycles-to-breakthrough therefore depends on both the FCG rate In this equation, the crack length a is one-half the length of the minor axis or d2. The magnification factor MB is a function of crack geometry and solutions based on various approximations are widely available (see Section XI of the ASME Code). R-ratio effects are accounted for by adding the residual stress shown in Figure 3 to both the maximum and minimum stress and then calculating K A -for the load cycle. This information and the best estimate FCG rates for stainless steel in Article C-3OOO of the Code allows the calculation of cycles-to-break-through for each test. Results obtained by defining breakthrough as the point where the ligament between the defect and the free-surface is 5% of the length of the minor axis are compared to the measured values in Figure 14 . The results of the calculations are very conservative for small cracks (specimens SUC-1 and SUC-2) and reasonable for large cracks.
CONCLUSIONS
Qualitative observations made from these tests are:
(1) There were no early warnings of incipient crack break-through either by compliance changes, strain gauge readings, or surface indications.
(2) Fatigue crack growth rate accelerates through the cladding material as the crack approaches the free surface.
(3) The compressive residual stresses in the base metal near the clad-base metal interface do not appear to significantly retard the dddN rates. . 
